In this study, a novel aptamer-based impedimetric biosensor for detecting the group 2 allergen of Dermatophagoides pteronyssinus (Der p2) was developed. First, an anodic aluminum oxide (AAO) membrane was prepared. A modified AAO barrier-layer surface with an array of nanohemispheres of 400 nm in diameter was used as a template for the nanoelectroforming of a nickel mold. After electroforming, the AAO template was etched and a nickel nanomold with a concave nanostructure array was produced. The formed nanostructured nickel nanomold was then used in the replica molding of a nanostructured polycarbonate (PC) substrate via hot embossing. Finally, a gold thin film was sputtered onto the PC substrate to form a double-generation gold nanoparticle electrode (array of nanohemispheres with smaller nanoparticles orderly distributed on each nanohemisphere). After immobilizing specifically designed aptamers on the fabricated electrode, electrochemical impedance spectroscopy was used to determine the concentration of Der p2. The sensitivity of the proposed scheme for the detection of the dust mite antigen Der p2 was 2.088 Ω / (ng/mL × cm 2 ) with a dynamic detection range of 27.5-400 ng/mL and detection limit of 16.47 ng/mL. The aptamer-based impedimetric biosensor proposed in this study possesses many advantages such as high sensitivity, low cost, and high consistency over currently used sensors. The proposed sensor was found to be useful for the rapid detection of rare molecules present in an analyte.
Introduction
Common allergic diseases include perennial allergic rhinitis, allergic asthma, perennial allergic conjunctivitis, atopic dermatitis, and urticaria [1] . Allergens that are the major causes of these diseases exist in dust mites, animals, plants, food, and insects. Of these diseases, respiratoryrelated allergic rhinitis and allergic asthma are the most common. In 1967, Voorhorst et al. [2] found that dust mites are the main source of allergens affecting the human body, and it is estimated that as many as 1.2 billion people are chronically sensitive to dust mites [3] . Thus far, 21 types of dust-mite-related allergens have been identified. Two major types of house dust mites that induce allergic diseases are the D. pteronyssinus (Der p) and Dermatophagoides farinae (Der f), with Der p being the most prominent. The first and second groups of D. pteronyssinus (Der p1 and Der p2, respectively) can cause immune responses of asthma and atopic dermatitis. Approximately 80% of patients affected by allergic diseases are because of Der p2. Approximately 88% of asthmatics are allergic to Der p2 [1] . Moreover, Der p2 is the main cause of asthma induction in children [4] .
The immune system uses different receptors to recognize various types of foreign pathogens. The most common of these receptors is toll-like receptors (TLRs), which exist in various immune cells such as macrophages, B cells, and T cells. Some non-immune cells such as epithelial cells also possess innate immune capabilities. TLRs can be categorized into two types: intracellular (TLR 3, 7, 8, 9) and extracellular (TLR 1, 2, 4, 5, 6). Each type of TLR corresponds to its specific ligand [5] . It has previously been reported that mutations of the associated gene of the myeloid differentiation-2 in TLR on chromosome 8 can degrade the innate responses of the human body [6] . Through binding with extracellular TLR 4, Der p2 induces inflammatory responses and enhances the permeability of the respiratory epithelium, thus enabling Der p2 to penetrate the epithelial barrier. When people with allergies are exposed to dust mite allergens in air, immune responses of the type 2 T helper cells can be induced. Detection of environmental allergens is essential to prevent the spreading of allergic diseases, and this is especially true in the case of Der p2.
Identification of a specific antigen by its corresponding antibody is the most commonly used immunoassay for the detection of allergens.
This requires the use of a very specific type of probe and several surface modification steps to immobilize targets on the electrode; thus, it is a time-consuming and laborious process [7, 8] . Nucleic acid aptamers that consist of oligonucleotide strands (usually short) can bind to various molecular targets such as small molecules, proteins, and nucleic acids. Aptamer-based biosensors have very different attachment mechanisms from those found in conventional probe-based biosensors. The binding mechanism between an aptamer and a target is via geometric chelation. Aptamer-protein bindings have a high affinity and are highly specific. The use of aptamers is desirable because of the ease of synthesis, high purity, and high controllability. Hence, aptamers can effectively replace an antigen or antibody of immunoassays. In addition, because the configuration variation of aptamers is reversible, it is possible to conduct experiments under more relaxed conditions [9] . Aptamers are also applicable for detecting those small molecule polymers, which are difficultly to be detected using antibodies.
In addition to being widely used in cancer and viral infection biological diagnostics, therapy, and drug development and delivery, they have recently been used in food testing applications [10] . Eissa et al. [11] successfully developed an electrochemical biosensor with a relatively low detection limit for the Brevetoxin 2 (BTX2) marine toxin by utilizing BTX aptamers. Gastón et al. [12] hybridized a cDNA section to a singlestrand DNA sequence to form specific aptamers for the detection of luteinizing hormones. Ocana et al. [13] reported an aptamer-antibodybased electrochemical biosensor for lysozyme detection and obtained good specificity, stability, and reproducibility for lysozyme analysis. Ilkhani et al. [14] developed a sensitive and selective electrochemical aptamer-antibody immunosensor for the detection of the epidermal growth factor receptor (EGFR). Biotinylated anti-human EGFR aptamers were immobilized on streptavidin-coated magnetic beads, serving as capture probes. A wide dynamic concentration range and a low detection limit were reported.
The sensitivity and detection limits are determining factors in the performance of a biosensor. These two properties are reliant upon the amount of analytes that can be immobilized at an electrode. Nanostructured electrodes can significantly increase the amount of attached analytes and hence can enhance the performance of a biosensor. However, the production process of nanostructures is relatively complicated, which places limitations on the capability of mass production and for their use in more general applications.
In this study, a novel aptamer-based biosensor for the effective detection of the allergen Der p2 is proposed. First, an anodic aluminum oxide (AAO) membrane was prepared. Then, a modified AAO barrierlayer surface with an array of nanohemispheres of 400 nm in diameter was used as a template for the nanoelectroforming of a nickel mold. After electroforming, the AAO template was etched and a nickel nanomold with a concave nanostructure array was produced. The formed nanostructured nickel nanomold was then used in the replica molding of a polycarbonate (PC) nanosubstrate via hot embossing. A gold thin film was then sputtered onto the PC substrate to create a double-generation gold nanoparticle electrode (array of nanohemispheres with smaller nanoparticles orderly distributed on each nanohemisphere). After immobilizing the specifically designed aptamers on the newly fabricated electrode, electrochemical impedance spectroscopy (EIS) analysis was performed to determine the concentration of Der p2. Fig. 1 shows a schematic of the proposed double-generation gold nanoparticle electrode. The sequential fabrication process includes the preparation of an AAO membrane, modification of an AAO barrierlayer surface, fabrication of a nanostructured nickel mold, replica molding of the nanostructured PC substrate, sputtering of a thin layer of gold on the PC substrate, and packaging.
Materials and methods

Fabrication of double-generation gold nanoparticle electrode
Preparation of an AAO membrane
The AAO membrane was prepared by following the conventional anodization procedure. A 3 cm × 3 cm aluminum foil (99.9995%) was sequentially cleaned with acetone, alcohol, and deionized (DI) water before being electropolished. An AAO membrane consisting of nanopores of 300 nm diameter was obtained by placing the polished aluminum foil in a home-made teflon jig and then anodizing in a phosphoric acid solution (0.1 M) under an applied voltage (120-170 V) at 0°C for 6 h. Unoxidized metal aluminum beneath the barrier layer was then removed using an aqueous CuCl 2 -HCl solution that was prepared by dissolving 13.45 g of CuCl 2 powder into a solution of hydrochloric acid (100 mL, 35 wt%). This procedure results in the creation of a honeycomb-like barrier-layer surface with an array of nanohemispheres of 400 nm in diameter.
Modification of the barrier-layer surface
The surface of the nanohemisphere array was immersed into a phosphoric acid solution (30 wt%) for 30 min to make a more apparent shape of the array. 2.1.3.2. Annealing. To further improve the conductivity of the sputtered gold thin film, the electrode was subjected to annealing. The sequential annealing process includes heating the sample to 120°C at a rate of 5°C/min, holding at that temperature for 30 min, and then cooling in air to room temperature. BO 3 ] was prepared for electroforming. Electroforming was conducted using a microelectroforming system (EGG Instruments corporation/Model 263A) with a bulk nickel anode and the gold thin film nanostructured electrode as the cathode under a constant current of 0.035 A at a temperature of 55°C for 4 h. After deposition, the AAO membrane was removed using a 0.25-M NaOH solution to obtain a molded replica of a concave nanohemisphere array. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used to characterize the topology of the AAO barrier layer and nickel replica mold.
Replica molding of nanostructured PC substrates.
Replica molding of nanostructured PC substrates was performed via hot embossing using a fabricated nickel nanomold. Sequential procedures consist of placing 2 mm 2 PC on the nickel nanomold, placing the sample into a hot embossing machine, hot embossing under a pressure of 0.05 MPa at 185°C, holding at this temperature for 10 min, and then cooling to room temperature to obtain a nanostructured PC substrate.
Packaging
A 30-nm gold thin electrode layer was sputtered on the nanostructured PC substrate followed by annealing under the same conditions as those used in the fabrication of the nickel nanomold. Precise packaging was then performed to ensure the consistency of the sensing area. The packaging procedure consists of many steps. First, the sample was attached to a glass substrate. An electric wire was then fixed onto the glass. The wire was then connected to the gold thin film nanostructured electrode using silver epoxy. A square of a parafilm (2.5 × 2.5 cm 2 ) was prepared, and a hole (Ø = 6 mm) was made in the center of the parafilm. A thin layer of epoxy was then daubed onto the bottom surface of the prepared parafilm. The parafilm was then bonded to the goldsputtered PC substrate to enclose the sensing area of the device. The device was then packaged using silica gel to ensure air tightness.
Preparation of Der p2 aptamers
The systematic evolution of ligands via the exponential enrichment (SELEX) approach [15, 16] has been commonly used for the synthesis of aptamers. However, SELEX usually requires multiple rounds of selection and amplification to obtain an effective aptamer. Recently, many new methods such as the automated SELEX [17] , capillary electrophoresis SELEX [18] , microfluidic SELEX [19] , and magnetic-assisted rapid aptamer selection (MARAS) [20] have been developed with the aim of shortening the selection time. In which, the MARAS method, which uses magnetic beads and an externally applied rotating magnetic field to provide the competitive mechanism for the selection of aptamers, can effectively reduce the selection process. In this study, the MARAS approach was adopted to discover the aptamers of Der p2.
The nucleic acid library of random nucleic acid sequences with 20 nucleotides was used for the Der p2 aptamer selection. The complete sequence is 5′-AGCAGCACAGAGGTCAGATG-N 20 -CCTATGCG TGCTACCGTGAA-3′. Where N 20 is the selected aptamer sequence and both ends are the primers.
Detection of Der p2 concentration
Herein, 30 μL (1 μM) of the selected aptamers with a thiol group attached was dropped onto the double-generation gold nanoparticle electrode and incubated at room temperature for 12 h. The electrode was washed with distilled DI water (DDI W) to remove the excess aptamers. A 30-μL aliquot of the Der p2 solution was then deposited onto the electrode and was incubated at room temperature for 1 h, before being rinsed with DDI W.
A SP-150 potentiostat (Bio-Logic, USA) was used to perform EIS measuring the Der p2 concentration. The double-generation gold nanoparticle electrode was used as the working electrode, Pt film was used as the counter electrode, and Ag/AgCl served as the reference electrode. The buffer solution was a mixture of 5 mM Fe(CN) 6 4− , 5 mM Fe(CN) 6 3− , and 0.1 M KCl in 100 mM 2-(N-morpholino) ethanesulfonic acid (MES) (pH 6.0). The applied DC power and AC power were 0 and 10 mV, respectively. The AC frequency ranged from 0.01 Hz to 100 kHz. Fig. 2 shows the morphologies of the nickel mold with concave nanohemispheres and the convex nanohemispheres PC substrate replicated using the nickel nanomold. The dimension of the nanohemispheres was measured using an AFM.
Results and discussion
Double-generation gold nanoparticle electrode fabrication results
PC substrate replica molding results
The AFM image in Fig. 2(A) indicates that the diameter and depth of each concave nanohemisphere in the nickel mold were around 400 nm and 100 nm, respectively. The diameter and depth of each convex nanohemisphere in the replicated PC substrate were measured to be about the same as those of the nickel replica mold, shown in Fig. 2(B) . However, the height of the nanohemispheres is slightly lower than that of the nickel nanomold. The main cause is that the semi-molten PC substrate during the hot-embossing process could not completely fill the nickel nanomold due to its relatively high viscosity. The height reducing effect should not largely alter the consistency of the PC substrate duplication. Fig. 2(C) and 2(D) are the SEM images to further illustrate the morphology of the duplicated PC substrate. The SEM images reveal that the nanohemisphere array can be successfully transferred to the PC material.
Nanostructured electrode fabrication results
Under the same pressure and argon injection rate, sputtering parameters such as the applied current, the duration, and the successive annealing temperature all determine the morphology of the doublegeneration gold nanoparticle electrode.
Figs. 3(A) and 3(B) are SEM images of double-generation gold nanoparticle electrodes constructed with an applied current of 30 mA and duration of 150 and 180 s, respectively. The sputtering result shown in Fig. 3(A) reveals that an applied current of 30 mA, lasting for 150 s, was able to generate double-generation gold nanoparticle electrodes with uniformly distributed gold nanoparticles (GNPs). The size distribution of the GNP is 29-40 nm. However, a sputtering time of 180 s could only deposit a gold thin film (Fig. 3(B) ). Figs. 3(C) and 3(D) present SEM images of the 30 mA, 150 s, sputtered gold electrode under annealing temperatures of 100 and 130°C, respectively. To prevent distortion of The DP-2-3 sequence possesses the smallest dissociation constant Κ d and was used in this research. Hence it is highlighted by bold type. the PC substrate the annealing temperature is kept below the glass transition temperature of PC (145°C). From Fig. 3(D) , it can be observed that GNPs on the nanohemispheres were melted to reveal a smooth thin film. Therefore, sputtering under an applied current of 30 mA, lasting for 150 s, before annealing at 100°C was used for the fabrication of double-generation gold nanoparticle electrodes ( Fig. 3(C) ). Table 1 displays the Der p2 aptamer selection results. Seven feasible Der p2 aptamers were obtained. The sequence ACACCCGGG TATGTGCGACT with the smallest dissociation constant Κ d was adopted as the probe for Der p2 detection. The dissociation constant is a commonly used index to measure the propensity of a larger object to dissociate reversibly into smaller components in chemistry, biochemistry, and pharmacology. It is also a useful index for measuring the affinity between aptamers and proteins [21] . A smaller dissociation constant denotes a stronger affinity.
Der p2 aptamers selection results
Aptamer immobilization results
The stability of the aptamer immobilization affects the succeeding Der p2 detection. In this study, 1 μM of the selected aptamers were used. Various immobilization durations, 6, 8, 10 , and 12 h, were performed in order to obtain a suitable time for stable aptamer immobilization. Each experiment was repeated five times. Fig. 4(A) illustrates the aptamer immobilization stability test results. We can observe that the charge transfer resistance of the aptamers immobilized surface, and the length of the error-bar decrease with increasing immobilization duration. The results reveal that 12 h is a suitable time for the immobilization of stable aptamers. Cyclic voltammetry (CV) was further used to confirm that aptamers were immobilized on the electrode surface. The results shown in Fig. 4(B) illustrate that both the anodic and cathodic current peaks of the aptamer immobilized electrode are lower than those of the bare electrode. This is due to the reduction of the oxidizable surface of the electrode due to the immobilization of the aptamers. The CV results indicate that aptamers were immobilized on the electrode surface. 3.5. Der p2 detection results
Equivalent circuit
The commonly used Randles circuit, which is composed of an active electrolyte resistance in series with the parallel combination of the double-layer capacitance and a charge transfer resistance of the electrode surface, is suitable for use in a plain surface. However, it is not complete enough to model the relatively complicated double-generation gold nanoparticle electrode used in this study. Hence, the equivalent circuit illustrated in Fig. 5(A) was selected for EIS. Where R n is the electrode resistance, R ct is the resistance of the modification on the electrode surface, Z W is the Warbug element, and Q denotes the constant phase element.
Der p2 detection.
The resistance change of the modification on the electrode surface (ΔR ct ) after Der p2 binding was used as the index to correlate the sensor response with different Der p2 concentrations. Fig. 5(B) shows the impedance plots for a bare electrode, the electrode after aptamers were immobilized upon it, and electrodes after the Der p2 (with various concentrations) were bonded to the aptamers. It has been found that R ct , which is approximated by the diameter of each individual semicircle, increases with an increase in the Der p2 concentration.
ΔR ct for each individual semicircle was calculated as a function of Der p2 concentration, and plotted in Fig. 5(C) . Three experiments were performed for each concentration. The linear detection range is 27.5-400 ng/mL with a correlation coefficient of 0.988. The sensitivity was calculated as 2.088 Ω / (ng/mL × cm 2 ) and the detection limit was calculated to be 16.47 ng/mL. To further test the specificity of the selected aptamers, soybean allergen with concentrations of 10, 50, and 100 ng/mL, respectively, were bound to the aptamer immobilized electrode. EIS results (not shown) illustrate no apparent resistance change of the electrode surface after aptamer binding.
Conclusion
The main allergen that induces rhinitis, eczema, and atopic dermatitis is the type 2 house dust mite (Der p2). Currently, most of the proteinbased sensors for Der p2 detection are based on the immune response between specific antibodies and the antigen. This type of sensing principle requires many surface modification steps to immobilize the probe onto an electrode. Aptamers can effectively replace the antibody or antigen probe in an immune response biosensor, and there are many advantages in doing so; these include, the ease of synthesis, the high purity, and the high controllability of the aptamers.
In this study, we have developed a novel aptamer-based impedimetric biosensor for the detection of the allergen Der p2. Using a modified AAO barrier-layer surface as the template, a nickel nanomold was produced by electroforming. The formed nickel nanomold was then used for replica molding of a nanostructured PC substrate by hot embossing. A thin film of gold was then sputtered onto the PC substrate to form a double-generation gold nanoparticle electrode. After immobilizing the MARAS selected aptamers on the fabricated electrode, EIS was used to measure the concentration of Der p2. The sensitivity of the proposed scheme for the detection of Der p2 was 2.088 Ω / (ng/mL × cm 2 ) with a dynamic detection range of 27.5-400 ng/mL, and a detection limit of 16.47 ng/mL.
